We study the effect of noise on microwave breast imaging by numerical simulations. A high contrast breast model is considered and the image reconstructions are carried out in time domain using a nonlinear inversion algorithm. A relative reconstruction error is defined in order to quantitatively evaluate the image distortion due to noise. The relative reconstruction errors of noisy reconstructions are obtained when different levels of amplitude and phase errors are taken into account.
Introduction
Breast tumor detection using microwaves has attracted considerable interests in the last few years [1] [2] . Microwave breast imaging relies on the contrast in dielectric properties between the normal tissue and malignant tumors. Previous studies showed that the dielectric contrast between cancerous and normal breast tissues was as high as more than three times [3] [4] . Recently, it has been suggested that the contrast in dielectric properties between the malignant tumor and normal breast tissue varies considerably depending on the compositions of the breast [5] .
There are two main approaches for microwave breast imaging: microwave tomography [6] [7] and radar based imaging [8] . In both approaches, microwave signals are used to illuminate the breast and scattered signals are received at numerous locations for the use in image reconstructions. With microwave tomography, the dielectric property distributions of the breast are reconstructed quantitatively from the received data by using nonlinear inversion algorithms. Radar based methods avoid complicated reconstruction algorithm, in the aim of providing qualitative pictures of strong scatters (e.g. tumor) in the breast.
Microwave measurements for breast imaging are subject to noise, which may influence the detection of breast tumor. As little concern has been paid to this aspect, in this paper, we study the influence of noise on breast tumor detection using the microwave tomography technique. The deterioration of reconstruction quality of a high contrast breast model due to noise are evaluated quantitatively for different levels of amplitude and phase errors. A cost function containing the difference between the measured data and computed data is defined below:
Microwave Tomography
Here and are the permittivity and conductivity values of the object, E simu ( , , R , ) is the calculated field in FDTD and E meas (R , ) is the measured data. is the number of antennas. In the reconstruction procedure, a conjugate-gradient optimization is used to iteratively update the dielectric properties of the object in order to minimize the cost function . A detailed description of the time domain inversion algorithm can be found in [7] .
Numerical Studies
As nonlinear reconstruction methods are proposed specifically for imaging high contrast objects, a high contrast breast model is considered here. The measured scattering data was numerically generated by using FDTD. Each time one antenna was selected for transmitting the signal into the breast and the scattered signal of the breast was then recorded by the remaining antennas. This process was repeated and totally 16*15 groups of data were obtained. The obtained data were then utilized to reconstruct the dielectric properties by using the time domain inversion algorithm. The conductivity reconstruction has worse quality than the permittivity reconstruction and only the latter is presented here.
Noise Free Reconstruction
A multiple-step-reconstruction strategy was used for enhancing the reconstruction quality [7] . It can be seen that the objects are on the correct positions, with dimensions corresponding well to the original model. A high spatial resolution is achieved and the permittivities of the tumors are well consistent with the values presented in the model. The skin profile is resolved very well, although the reconstructed permittivity is lower than the real value.
Noisy Reconstructions
Using the same reconstruction settings as for the noise free reconstruction in Figure 2 (b), we took different levels of amplitude errors and phase errors into account in the reconstruction process. Both the amplitude and phase errors were modeled as zero-mean normal distribution random process. In order to quantitatively evaluate the influence of the noise on the reconstruction quality, a relative reconstruction error was defined below:
where and were the permittivity profiles reconstructed from noisy and noise free data. was the 2-D reconstructed region. Figure 3 (a) and (b) give the relative reconstruction errors of the noisy reconstructions when the amplitude error and the phase error are considered separately. The results are the average value from five repetitive simulations. It can be seen that when the signal-to-noise ratio (SNR) of the scattering data is higher than 16 dB, the relative reconstruction error changes very slowly with the SNR. As the SNR decreases further, the changing rate of the relative reconstruction error versus the SNR becomes higher. The presented results also indicate that the influence of a phase error of 30 degrees on the reconstruction quality is very similar to that caused by an amplitude error with SNR about 11 dB. Figure 4 (a) and (b) are two images reconstructed from noisy data with the SNR of 15 dB and the phase error of 10 degrees respectively. The relative reconstruction errors of these two images are respectively 0.13% and 0.12%. Comparing these two images with the noise free reconstruction, it can be seen that the image distortion is very small.
Conclusion
The effect of noise on tomographic breast imaging is numerically studied. The results suggest that the image reconstruction of the breast model by using the time domain inversion algorithm can tolerate an amplitude error with SNR about 15 dB and a phase error of around 10 degrees. This work is of importance for the design of an accurate breast cancer detection system. The study is based on microwave tomography technique and a future work can be an investigation based on radar based imaging. 
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